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Abstract—Whispering gallery mode (WGM) lasers 
are well-known for their small sizes, low thresholds 
and narrow linewidths, and have been the subject of 
research and development for more than two decades. 
However most of the initial reports and studies have 
focused on near-IR and visible WGM microlasers. 
Recent advances in the synthesis, doping and 
processing of high quality mid-IR transparent glasses 
have provided the means to extend the wavelengths of 
these microlasers to the mid-IR range. In this paper, 
we present a detailed characterization of a compact 
and low-cost mid-IR spherical WGM microlaser based 
on heavily doped Er:ZBLAN glass operating near 2.7 
µm with an estimated linewidth less than 1 MHz. We 
describe experimental results on observed single-mode 
and multimode spectra, thermal tuning, and 
polarization characteristics of such microlasers. Using a 
simple analysis of spherical microresonator modes and 
including considerations of pump and laser mode 
overlap we provide guidelines for optimized microlaser 
design.  
Index Terms—Lasers, Whispering gallery modes, 
Microchip lasers.  
I. INTRODUCTION 
Whispering gallery mode (WGM) lasers are mirror-less 
micron-sized lasers based on optical gain in resonators of 
cylindrical symmetry [1,2]. These lasers benefit from 
small mode volumes and ultralow propagation losses; as 
such   WGM lasers (WGMLs) exhibit very low threshold 
powers extremely narrow linewidths. WGMLs were first 
demonstrated in 1961 by pumping polished spheres made 
of CaF2:Sm2+ [3] and then widely studied in rhodamine 
6G doped ethanol droplets and in polystyrene spheres 
covered with rhodamine 6G [4]. Later, glass based near-
IR and visible spherical and microtoroid lasers and near-
IR semiconductor microdisk lasers were demonstrated  
 
 
 
[1]. More recently, mid-IR WGMLs have been 
demonstrated in electrically semiconductor microdisk 
heterostructures, but have relatively small quality 
factors (because of surface roughness issues associated 
with etching process), and require cryogenic 
temperatures for CW operation [5].  
Glass based WGMLs are optically pumped and are 
fabricated from doped glasses (typically used as the gain 
media for fiber lasers) through melting process. Due to 
extremely low surface roughness and the lack of other 
scattering and absorption losses, the quality factor of 
these cavities can be very large (limited by intrinsic 
material loss) resulting in linewidths less than 100 kHz  
[6]. While the advent of rare-earth doped mid-IR 
transparent glasses has enabled rapid development of 
mid-IR fiber lasers and amplifiers [7-9], for many years 
the wavelengths of glass based WGM lasers stayed 
within visible and near-IR range [1]. Although several 
near-IR WGMLs have been fabricated using mid-IR 
transparent glasses [10,11], the dopants and doping levels 
used only supported visible to near-IR laser operation. 
The first room temperature CW mid-IR WGML was 
reported recently [12], and used heavily doped 
Er:ZBLAN microsphere and a 980 nm pump to generate 
narrow band emission at 2.7 µm.  Note that the small 
output power of the WGMLs (limited by their small 
mode volume) makes them unattractive for applications 
where narrow linewidth visible and near-IR sources are 
required (i.e. fluorescent sensing/imaging and 
telecommunication). However, for molecular sensing in 
the mid-IR range, the low power of WGML microlasers 
is not a critical limitation, because their high sensitivity 
to the surrounding media (due to existence of evanescent 
wave beyond the cavity boundary) makes these lasers 
natural candidates for intra-cavity sensing that only 
requires direct monitoring of  laser power variations [13]. 
As such mid-IR WGMLs can play a significant role in 
trace level detection of gases required in environmental 
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sensing, homeland security, agriculture and health care 
[14,15].  
In this paper, we present detailed characterization of 
the spectral properties of a compact and low-cost mid-IR 
spherical WGM microlaser based on heavily doped 
Er:ZBLAN glass operating near 2.7 µm. We describe 
experimental results on observed single-mode and 
multimode spectra, thermal tuning, and polarization 
characteristics of such microlasers. Using a simple 
analysis of spherical microresonator modes and including 
considerations of pump and laser mode overlap we 
provide guidelines for optimized microlaser design. This 
study paves the way toward design and fabrication of 
Mid-IR WGMLs as the building blocks for compact 
molecular sensors.  
II. FABRICATION OF HIGH-Q ZBLAN 
MICROSPHERES 
High-Q Er:ZBLAN microspheres were fabricated by 
controlled melting of 8 mol% uniformly doped 
Er3+:ZBLAN micro-rods (short pieces of unclad fibers 
with diameter of 100 mm and length ~ 2 cm). Based on 
previous work on 2.7 mm Er:ZBLAN fiber lasers, a 
dopant concentration between 6 and 10 mol% is optimal 
for efficient energy transfer upconversion (ETU) 
processes required for sustaining population inversion  
for 2.7 mm transition in a Er3+:ZBLAN gain medium 
pumped at 980nm [16]. Due to the special physical 
properties of ZBLAN glass (in particular a crystallization 
temperature around 370°C), fabrication of defect-free 
(with the absence of crystallite scatterers) and 
cylindrically symmetric ZBLAN microspheres is much 
more difficult than silica microspheres [17]. Note that the 
fabrication of high quality ZBLAN fibers is an easier 
process because during the fiber draw process the glass 
temperature can be maintained below the crystallization 
temperature while microsphere fabrication requires 
raising the glass temperature to its melting point (for 
reshaping by surface tension), which is well above the 
crystallization temperature. We designed and built a 
system that enabled precise control over critical 
parameters influencing the melting and microsphere 
formation process. The heart of the system is a micro-
heater consisting of a nichrome coil wrapped around a 
quartz capillary to provide uniform and symmetric heat 
distribution within the melting zone (inside the 
capillary). Fig. 1(a) shows a close–up photograph of the 
micro-heater element and a ZBLAN microsphere formed 
on a fiber tip. A small length of Er:ZBLAN fiber is 
symmetrically placed inside the melting zone and the 
current is injected into the coil to raise the temperature 
of the ZBLAN fiber tip above its melting point where 
the microsphere is naturally formed due to surface 
tension. Upon formation, the microsphere moves away 
from the heating zone where it quickly cools down. The 
melting zone is slowly purged with an inert gas (nitrogen 
or argon) to prevent oxidation and increase the cooling 
rate. The quality of the resulting microsphere is 
controlled by the maximum value and duration of the 
current flowing through the coil, the length of the fiber 
in the melting zone, and the flow rate of the inert gas. 
The optimal value of these parameters for a given fiber 
diameter result in the formation of high quality 
microspheres with diameters that are typically 1.5 times 
larger than that of the fibers.  
 
 
 
 
 
(a)            (b)          (c)            
Fig. 1: (a) Photograph of the melting zone of the home-made 
microheater system consisting of a quartz capillary inside a nichrome 
coil. An Er:ZBLAN microsphere is also shown in the photo. .  (b) 
Photograph of fabricated microsphere. (c) SEM image of the same 
microsphere. 
 
Since Er:ZBLAN microrods were only available with a 
single diameter (100 µm), in order to fabricate smaller 
microspheres we tapered the diameter of the fiber tip 
down to the desired diameter. Using these tapered tips 
we have been able to fabricate microspheres with 
diameters between 40 and 250 µm. Fig 1(b) and (c), 
show the photograph and scanning electron microscope 
(SEM) image of fabricated Er:ZBLAN microspheres, the 
extremely smooth surface and transparency in visible 
light indicate the microsphere is crystal free. 
III. MICROSPHERE LASER CHARACTERIZATION  
A. Experimental setup 
Fig. 2 shows the experimental configuration used for 
characterizing the Er3+:ZBLAN mid-IR WGML. A fiber 
taper is used to couple the pump power into (and the 
mid-IR power out of) the microsphere [12, 18]. To reduce 
the absorption of the mid-IR output, the fiber-taper was 
pulled from a multimode low-OH silica fiber (NA=0.22, 
core diameter =50 µm) with a measured loss of 3 dB/m 
@ 2.7 µm and 0.001 dB/m @ 980 nm.  Note that single-
mode low-OH fiber was not available. As a result a 
200	μm	
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significant amount of the pump power is lost due to 
spatial filtering of the higher order modes in the 
transition from the multimode (50 µm core) fiber into 
the single mode tapered region (air-clad with less than 
1.5 µm diameter). Note that due to the fragility and 
specific physical properties of ZBLAN, pulling single-
mode ZBLAN fiber-taper couplers is a very difficult task 
and has not been achieved by anyone yet to the best of 
our knowledge. A commercial narrow linewidth fiber-
coupled diode laser at 980 nm (with an external line 
narrowing FBG) was used to pump Er3+:ZBLAN 
microspheres. The spectrum of this coercial pump laser 
consists of four equally spaced (spacing ~ 0.15 nm) 
narrow linewidth modes (< 0.03 nm).  To deliver 
maximum pump power to the tapered region, the output 
of the pump laser (single mode silica fiber) was 
symmetrically spliced to the multimode low-OH fiber to 
maximize the power coupled to the LP01 mode of low-
OH fiber that would pass through the adiabatic 
transitional region with minimal loss. In most 
measurements the fiber-taper was in contact with the 
microsphere (zero coupling gap). 
 
 
 
 
 
 
 
Fig. 2: Experimental arrangement for characterizing Er:ZBLAN 
microlaser  
 
Contact mode coupling improves the mechanical 
stability and reduces power fluctuations and mode 
hopping that may occur due to coupling gap variations. 
Note that selecting a low-cost fixed wavelength 
multimode pump laser, and zero-gap coupling were 
aligned with the objective of making the mid-IR 
microlaser low-cost, compact and stable as opposed to 
designing and constructing an optimized setup. Moreover 
the multimode nature of the pump laser enables 
controllable multiline mid-IR laser generation at known 
spacings, which could be exploited uniquely for advanced 
sensing applications (as elaborated in section C1). The 
microlaser output power was collimated with a ruby ball 
lens (7 mm diameter) and measured by a cooled mid-IR 
detector (InAs) after passing through a bandpass filter 
(to eliminate the residual pump power). We used lock-in 
amplification with a 1 kHz modulation frequency (far 
from relaxation oscillation of the laser) in order to 
improve the signal-to-noise ratio. The collimated 
microlaser output power was coupled to a mid-IR optical 
spectrum analyzer (Bristol Instruments, Model 771B-
MIR).  
B. Summary of output power measurements 
We performed measurements of the mid-IR output 
power, including pump thresholds and slope efficiencies, 
as a function of pump power for several experimental 
parameters including the diameter of the microspheres 
and various taper couplers and gaps. Note that 
systematic parametric studies are extremely difficult to 
perform, as elaborated in [19]. For our discussion here, 
the absorbed pump power was estimated by measuring 
the difference between the out coupled pump power for 
the case of zero coupling (large gap) and the appropriate 
coupling gap, simply by displacing the fiber-taper 
laterally from the microlaser. The maximum extractable 
mid-IR output powers were estimated from the measured 
mid-IR powers by taking into account optimization 
methods that would reduce attenuation in the fiber 
coupler and Fresnel losses, and assuming the possibility 
of combining the power circulating in both directions 
(counter-clockwise and clockwise).  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Measured mid-IR output power for a Er:ZBLAN microlaser 
with 180 micron diameter and zero coupling gap as a function of the 
absorbed pump power. The right vertical axis depicts the estimated 
maximum extractable power.    
 
For our experiments the extractable mid-IR power was 
estimated a factor of 4.5 times higher the measured mid-
IR laser power. Using these assumptions, the threshold 
absorbed pump powers were typically between 100 and 
350 mW, and the slope efficiencies based on extractable 
output power as a function of absorbed pump power 
were estimated to be between 0.1% and 0.37%, 
depending largely on the coupling condition (fiber-taper 
diameter and alignment) and the Q-factor of the sphere. 
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Figure 3 shows the specific case of power output as a 
function of absorbed power for a microsphere of 180 µm 
diameter and zero coupling gap. At about 6 mW 
absorbed pump power the maximum extractable mid-IR 
(2.7 mm) power was estimated to be 5.3 mW.  
We found that for a typical fiber-taper diameter (~1 µm) 
and microspheres of 50 to 190 µm diameter, operation in 
the contact mode (zero coupling gap) was not only more 
stable but also resulted in maximum slope efficiency. 
The observed slope efficiencies were limited by the 
spectral properties of our pump laser (which had four 
fixed lines near 980 nm), and the spatial distribution of 
the corresponding WGMs in the sphere, as elaborated in 
Section IV below. 
C. Spectral properties 
C.1. Multimode operation  
For a given pump power, the output spectrum of the 
Er:ZBLAN microsphere laser depends on the spatial 
overlap between WGMs excited by the pump radiation 
and the WGMs have enough gain (near the gain peak) 
and output coupling to the fiber-taper. However unlike 
most of previous studies, the large spectral gap between 
the pump wavelength (980 nm) and the mid-IR emission 
(2.7 µm) wavelength has a much more significant impact 
on the spatial overlap between the pump and laser 
WGMs. As such, the lasing spectrum is much more 
strongly affected by the size and eccentricity of the 
microsphere, the diameter of the fiber taper and the 
coupling gap (between the taper and the microsphere). 
In our experiments these parameters were limited by the 
microsphere fabrication process, the original diameter of 
the Er:ZBLAN microrods and the stability of the fiber 
taper, i.e. fluctuations in the gap size. In addition, the 
selected pump laser had a power dependent multiline 
spectrum itself, which was exploited for controllable 
multimode laser operation leading to desired multiline 
output spectra. 
All spectral measurements shown here were obtained 
with the taper coupler in the contact mode (zero 
coupling gap), since this is more stable and results in 
higher slope efficiency. Fig. 4(a) and (b) show the 
measured spectra from Er:ZBLAN microsphere laser of 
diameter D = 181 µm at four different pump powers. 
Each spectrum consists of multiple WGMs corresponding 
to different angular mode indices.  These laser modes 
appear within 2.705 and 2.720 µm spectral range that 
corresponds to the low pump power gain peak (2.713 
µm) in Er:ZBLAN  [20,21].  The lack of emission at the 
high pump power gain peaks (2.78 mm) in Er:ZBLAN 
suggests that the effective overlap between the pump 
and laser mode is weak. When absorbed pump power is 
3.75 mW two modes (MF-1) that are one free spectral 
range (FSR) apart from each other (FSR-1 = 8.11 nm) 
are observed. These modes gradually shift to longer 
wavelengths with an increase of the pump power (4.2 
mW). Further increasing the pump power to 5.45 mW 
excites a new mode family (MF-2) where 3 modes are 
oscillating simultaneously. The first and last modes are 
one free spectral range (FSR) apart from each other 
(FSR-2 = 8.28 nm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: (a) Spectrum of multi-mode Er:ZBLAN microlaser at four 
different levels of absorbed pump power: 5.75, 5.82,4.21, and 3.75. (b) 
Spectrum of the residual pump power at 5.45 mW and 3.75 mW. Inset: 
spectrum of the input pump power. 
   
The second peak corresponds to TE mode matches the 
FSR for TE and TM modes. The lack of the 
corresponding other TE peak separated by FSR-2 for is 
due to unavailability of pump power supporting its 
growth (see below). The measured FSRs, (FSR-1 = 8.11 
nm and FSR-2 = 8.28 nm) are close to calculated FSR 
of 8.07nm for WGMs confined near the surface (radial 
mode index=1) assuming a diameter (optical path 
(a) 
(b) 
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length) of 90 mm and effective index of 1.5. The red-
shift at higher absorbed pump power within each mode 
family (MF-1 and MF-2) is due to the thermo-optical 
effect and expansion of microsphere where can be 
estimated from !"! = !!!"" !"!" ∆𝑇! + !! !"!" ∆𝑇!  where R is 
the radius of the microsphere, g  is the fraction of power 
residing inside the microsphere and neff is the effective 
index of corresponding WGM mode. ΔT1 and ΔT2 are 
the local (where WGM circulates) and global 
temperatures. For ZBLAN glass, 𝑑𝑛/𝑑𝑇 = −1.475×10!!(𝐾!!) and 𝑑𝑅/𝑅𝑑𝑇 = 1.72×10!! (𝐾!!). This red 
shift will be exploited for tuning of the single mode laser 
as discussed in section C2 below. 
The excitation of the new mode family appears to be 
caused by the red-shift of the 980 nm pump laser at 
higher pump powers that are coupled to new pump 
modes which subsequently stimulate new WGM laser 
modes based on their spatial overlaps within the 
microsphere. Fig. 4(c) shows the residual pump spectrum 
when absorbed pump power is 5.45 mW and 3.75 mW 
(corresponding to the excitation of MF-1 and MF-2). 
The inset shows the spectrum of the input pump power. 
The dips appearing near the peaks correspond to WGMs 
wavelengths excited near the pump wavelength that 
upon absorption sustain mid-IR laser oscillation near 2.7 
µm. As the location and relative strength of each pump 
line depends on the driving current, one can control the 
spectrum of the mid-IR microlaser by changing the 
pump current (power). While limited, this level of 
tunability along with multimode operation, can be useful 
for sensing application. Basically by varying the power 
(spectrum) absorption of the surrounding medium can be 
monitored at multiple wavelengths. This could be 
particularly important for identifying gases with close 
absorption lines in a mixture. 
C.2. Single mode operation  
While a 2-4 modes spectrum is typical, we have been 
able to achieve single mode operation with careful 
adjustment of the pump laser power (and thereby its 
spectrum) as well as location and orientation of fiber 
taper with respect to microsphere (to excite different 
mode families). However we have not been able to 
establish a systematic algorithm for achieving single 
mode output reproducibly. In general, as with many 
other laser systems, lower pump powers are more 
conducive to generating single mode lasing outputs, 
whereas higher pump powers tend to yield multimode 
outputs (since more modes are above threshold). 
 
     
 
 
 
 
 
 
 
 
 
Fig. 5 The spectrum of a single-mode microlaser. Inset: The measured 
linewidth is limited by the resolution of the spectrum analyzer which is 
50 pm. 
 
Fig. 5 shows the spectrum of a single mode microlaser 
with an output power of about 1.4 mW. The measured 
linewidth was limited by the resolution of the 
spectrometer (< 50 pm or 2 GHz), but the actual laser 
linewidth is anticipated to be much smaller (< 30 MHz 
if one considers the magnitude of the loaded Q of the 
cold cavity; the linewidth can be < 1.1MHz, as 
elaborated in the theoretical model below). Since a mid-
IR spectrometer with better resolution was not available, 
we used the inverse dependence of the linewidth on 
output power to further investigate the linewidth of the 
laser. In principle if the linewidth is about 50 pm when 
Ppump ⋍ 20 Pth, (Fig. 4(b)), near threshold it should be 
20 times larger (⋍1 nm, since Δνlaser ∝1/Pout). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Spectrum of the amplified mid-IR power (blue line) and 
corresponding ASE (red line) when the input from the microlaser is 6 
nW. 
 
Due to the limited sensitivity of the OSA, in order to 
measure the linewidth of the laser near threshold we 
used a home-made Er-Pr:ZBLAN fiber amplifier (with 30 
dB small signal gain [22]). Fig. 6 shows the spectrum of 
the microlaser whose output power (Pout) before 
amplification is 6 nW (slightly above threshold).  The 
lower limit for the total quality factor (Qtot) of the laser 
cold cavity can be estimated from Schawlow-Townes 
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linewidth theory [23] as: 
 
 𝑄!"! ≥ 𝜋ℎ𝜈!𝑃!"#∆𝜈!"#$% 1 − 𝑔!𝑔! 𝑁!𝑁! !! (1) 
where g1 (g2) and N1(N2) are the degeneracy and the 
population density of the lower (higher) states of the 
laser transition; n and Dnlaser are the laser frequency and 
linewidth respectively. Assuming g1 = g2 and the fact 
that near and above threshold N1/N2 stays around ⋍2/3 
(population inversion clamping) [16], the lower limit for 
Qtot for the microlaser associated with the spectrum in 
Fig. 5, is about 12,500 (Pout = 6 nW and Δνlaser ⋍50 pm). 
Inserting this lower limit estimate into the above 
equation, one can expect a sub 1.1 MHZ linewidth  
corresponding to Pout =5 µW that is the maximum 
output power measured from the Er:ZBLAN microlasers 
in this study (see Fig. 3(a)). 
C.3. Tunable single- mode operation   
Because of the naturally narrow linewidth output of 
these microlasers, tenable operation is highly desirable 
because of its applicability to molecular sensing needs. 
The simplest way in principle to tune these lasers would 
be by thermal tuning, by varying the temperature of the 
microsphere in a very precise manner. Due to the 
discussion in section C.2, tuning of microlaser using 
external heat source is extremely difficult, as by 
changing the temperature of sphere pump and laser 
modes experience spectral shift simultaneously. As such 
for tuned sphere the pump laser (in this case does not 
experience spectral shift) is coupled to new pump modes 
and new laser mode will be arises subsequently. 
However, we were able to tune the microlaser 
controllably by varying the absorbed pump power 
similar to [24]. As shown in Fig. 7, when the pump 
power change is small enough (to avoid excitation of 
different family of modes as shown in Fig. 4), the 
wavelength of the single mode microlaser continuously 
shifts at a rate of about 0.2 pm/µW up to 280 pm (11.2 
GHz).  
Such tuning should be usable for spectroscopic 
applications where laser has to be tuned to resolve 
overlapping  absorption lines of a gas molecule. Here the 
maximum tuning range is limited by mode hoping due to 
spectral shift of the pump laser. Although the gain 
spectrum itself can be strongly dependent on the pump 
power, due in part to population redistribution between 
the Stark levels [20], the observed wavelength tuning is 
fully attributable to thermal expansion of the ZBLAN 
glass caused by extra absorbed pump power 
(corresponding to an temperature increase of 0.01°C/ 
µW). 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Spectrum of multi-mode Er:ZBLAN microlaser at four different 
pump powers (the numbers are absorbed pump powers). 
C.4. Polarization properties of the laser output  
To study the laser polarization, the microlaser output 
power was first optimized by adjusting the polarization 
of the pump. Next, the relative polarizations of the 
pump and microlaser radiations were measured using 
appropriate filters and a broadband linear polarizer. Fig. 
8 shows the normalized transmitted power (for pump 
and laser) as a function of polarization axis of the 
polarizer (0° corresponds the position where the laser 
power is maximum). This data indicates that the pump 
and laser waves are orthogonally polarized. This 
behavior is related to the properties of TE and TM 
WGMs: TE modes have a larger evanescent tail outside 
the sphere compared to TM modes, so when the fiber 
taper is in contact with the microsphere, the external 
quality factor (Qe) of TE modes is generally smaller than 
TM modes [6]. 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Measured relative polarizations of the pump and laser for 
optimized microlaser at two different laser powers. 
 
As such the pump power is coupled more efficiently to 
TE modes while laser power builds up mainly in TM 
modes that have larger Qtot (provide stronger feedback). 
Fig. 8 also shows that the polarization degree of the laser 
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Pump	
	
Laser	
(a) 
(b) 
wave decreases at higher powers, indicating that a 
portion of the laser power is also circulating in lower Q 
TE modes.  
IV. ORIGIN OF MICROLASER MODE STRUCTURE 
The diagram in Fig. 9 shows the relation among pump 
power, optical and geometrical properties of the 
microsphere laser and the output mid-IR power 
associated with each WGM inside the cavity.  
 
 
 
 
 
 
 
 
 
 
Fig. 9. The relation among pump power, pump spectrum and 
geometrical properties of the microsphere laser and the output mid-IR 
power associated with each WGMl-m,n inside the cavity. 
The laser modes are labeled as WGMl,m,n  and the pump 
modes are labeled as WGMp,q,r where l,m,n and p,q,r are 
the angular, azimuthal and radial mode orders for 
WGMs near the pump (980 nm) and laser (peak gain of 
erbium - 2713 nm) wavelengths respectively. kl-m,n and 
kp-q,r are the coupling amplitudes for mid-IR and pump 
power respectively. These coupling amplitudes are 
controlled by fiber-taper diameter (Dt), microsphere 
diameter (Ds) and the coupling gap (g) and are related 
to the external quality factor (Qe) through 𝑄! = 𝑚𝜋/𝜅!. 
Note that here kl-m,n and kp-q,r cannot be tuned 
independently as pump power and the laser are both 
coupled to the cavity via a single fiber taper. For a given 
pump power and spectrum the energy coupled to 
WGMp,q,r is controlled by  kp,q,r, microsphere eccentricity 
(e) and intrinsic quality factor of WMGs near the pump 
wavelength (Q0,P). The gain experienced by WGMl,m,n  is 
proportional to its overlap with WGMp,q,r and  pump 
energy circulating in WGMp-q,r. Finally the intrinsic 
quality factor near laser wavelength (Q0,L) and kl-m,n 
determine the contribution of the energy circulating in 
WGMl,m,n  to the total mid-IR output power coupled to 
the fiber-taper. Clearly due to complexity of these 
relations the prediction of dominant modes in the laser 
spectrum is a difficult task. However estimated value of 
Qext’s and overlaps not only narrows down the number of 
WGMl-m,n’s that can oscillate but also provides a 
guideline for tailoring the geometrical parameters (i.e. 
Dt, Ds, g and e) to generate a cleaner or even single-
mode spectrum with better slope efficiency. We 
calculated the coupling amplitudes for pump and laser 
wavelength for a near perfect sphere (e⋍0) using the 
well-known equations for WGM modes of microspheres 
[25].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Calculated Qext for the first three radial WGMp-q,r  (a) and 
WGMl,m,n  (b) plotted against l-m and p-q for a ZBLAN microsphere 
(Ds=56 µm) coupled to the LP01 mode of a silica fiber-taper (Dt=1 
µm) that is in contact with the microsphere equator (g=0). 
 
Fig. 10(a) and (b) show calculated Qext for the first three 
radial WGMl,m,n and WGMp-q,r (n and r =1,2,3) plotted 
against l-m and p-q for a ZBLAN microsphere (Ds = 50 
µm) coupled to the LP01 mode of a silica fiber-taper (Dt 
= 1 µm) that is in contact with the microsphere equator 
(g = 0). A smaller diameter (Ds = 50 µm) was used for 
these calculations for simplicity to understand modal 
behavior in the presence of a fewer number of modes. 
The computations will be extended to larger diameter 
microspheres in the future. The straight lines are Q0,P 
and Q0,L estimated based on material absorption at 
pump and laser wavelength. A large portion of pump 
energy circulates in WGMp,q,r’s that are near critically 
coupled to the fiber-taper (Qe ≈ Q0,P) and their 
frequency is within the pump bandwidth. In figure 8 two 
modes (i.e., r =1, p=261, p-q=18 and r=2, p=252, p–q 
=18) are critically coupled. Among WGMl,m,n’s (laser 
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modes) that have larger overlap with these dominant 
pump modes, those with largest Qe have smaller 
oscillation threshold however due to small coupling their 
contribution to the output power is small. As such few 
modes that have enough overlap with a high energy 
pump modes and a Qe that is large enough to lower the 
threshold power but small enough to allow power flow to 
the fiber-taper, will appear in the output spectrum. Fig. 
11(a) shows the calculated magnitude of dimensionless 
spatial overlap integral between the normalized 
dominant pump modes (near critically coupled) and the 
laser modes intensities (𝛤!,!,!!,!,!). The threshold power for 
each WGMl,m,n can be estimated by modifying the ring 
laser model [26]. In spherical microlasers the pump 
power is also resonant in the cavity as such in addition 
to overlap factor (𝛤!,!,!!,!,!) the energy transfer efficiency 
from pump to laser modes (WGMl,m,n‘s) should include a 
resonant power build-up factor (~𝑄!"!!/𝑄!,!!,!,!). For 
critically coupled pump modes (𝑄!,!!,!,! ≈ 𝑄!,! ) the power 
build up factor is maximized and the efficiency is 
proportional to:    
 𝑄!,!4 𝛤!,!,!!,!,! (2) 
Where 𝑄!,! ≈ 2𝜋𝑛!/𝜆𝑁!"𝜎!"#  is the absorption limited 
intrinsic quality factor of the microcavity near the pump 
wavelength.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. (a) Contour plot showing the magnitude of overlap between 
different pump and laser modes. (b) Estimated value of ζth (that is 
proportional to threshold power) for the laser modes shown in part-a.   
 
Assuming that the resonant frequencies of the critically 
coupled pump modes are within the pump bandwidth, 
the threshold power for WGMl,m,n (that include both 
clockwise and counter clockwise modes) is proportional 
to:   
  𝜁!!!,!,! = − 𝑙𝑛 1 − (𝑄!,!!,!,!)!!𝑄!,!× 𝛤!,!,!!,!,!!,!,!  (3) 
where 𝑄!,!!,!,! is the total quality factor of the 
corresponding laser mode (WGMl,m,n). Clearly the 
summation in the denominator is over the critically 
coupled pump modes. 
Fig. 11(b) shows the estimated value of ζth for the laser 
modes shown in part-a.  The dominant laser modes are 
4,90,1 and 6,90,1 pumped by 18,252,2 and 18,261,1 
respectively. In reality the magnitude of 
e (eccentricity) is slightly larger than zero and has a 
strong impact on laser spectrum since it controls the 
frequency spacing among modes with different values of 
l-m (or p-q) that are degenerate when e =0. As such e 
affects the output spectrum through pump modes that 
can be excited with a given pump laser spectrum as well 
as the frequency of the dominant laser modes. Using the 
above mentioned frame work one can find the optimal 
microsphere size and shape for a given pump laser and 
visa versa. This analysis also suggests that a better 
control over the output spectrum and slope efficiency 
can be achieved by decoupling kl-m,n and kp-q,r (and the 
associated Qext’s) using independent couplers for the 
pump and laser (for example two angle polished fibers).       
A thorough understanding of the microlaser spectrum 
requires a careful analysis of the threshold for each 
WGMl-m,n’s the amount of gain it experiences and its 
coupling to fiber taper. Such analysis is beyond the scope 
of this paper and it is the subject of a future paper. Note 
that the complexity and relevance of spectral analysis 
increases with the difference between the spatial 
distribution of pump and laser inside the microsphere 
and therefore their wavelength. For a typical NIR laser 
(l=1550 nm) this difference is less than 500 nm while for 
the mid-IR microsphere laser discussed here (l=2700 nm) 
the difference is 1720 nm. 
V. CONCLUSION  
We have measured the threshold power, slope efficiency, 
output polarization and spectrum of mid-IR Er:ZBLAN 
WGML in contact mode (fiber-taper in contact with the 
microsphere) and using a low cost 980 nm pump laser. 
The output light is polarized and the long term power 
stability of the free running device is better than 2.5%. 
Both single mode and multimode spectrums have been 
observed and the measured linewidth of the laser is 
better than 50 pm (limited by the resolution of the 
(a) 
(b) 
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optical spectrum analyzer). We have fabricated a mid-IR 
fiber amplifier that amplified the output power of the 
Er:ZBLAN microlaser by about 30 dB.   Near threshold 
linewidth measurement using the amplifier enabled us to 
estimate a linewidth of about 1.1 MHz for the maximum 
measured output power (5 µW).   While the microsphere 
size and thermal damage impose a fundamental limit on 
the maximum output power, our preliminary analysis 
show that tailoring the microsphere geometry according 
to the spectral properties of the pump laser and using 
independent input and output couplers, can significantly 
improve the slope efficiency and output power. Note that 
in general using zero-coupling gap and fixed pump laser 
with fixed wavelength, may not provide the optimal 
condition for maximum efficiency but make the 
microlaser stable and affordable. 
Continuous wave (CW) narrow-linewidth mid-IR 
emission (below linewidths below 30 MHz) can be also 
generated by electrically pumped interband and 
quantum cascade lasers (ICLs and QCLs) with 
distributed feedback (DFB). With careful design, QCLs 
can generate CW laser beam within 2.6-25 µm 
wavelength range [27,28], but often they operate below 
room temperature.  Alternatively using interband 
cascade laser (ICL) design, CW laser beam has can be 
generated within 2-4 µm spectral range at room 
temperature [29].  The main advantages of WGML mid-
IR microlaser compared to QCLs or ICLs are simplicity, 
lower cost and narrower linewidth (potentially down to 
sub-KHz level [30]). In a WGML the gain medium also 
serves as the cavity and the intrinsic quality factor of 
WGMs results in narrow linewidth emission without the 
need for any mirror or feedback structure.  As such 
WGML is much simpler than narrow linewidth fiber 
lasers and semiconductor lasers that require expensive 
high quality mirrors or DFB structures. Additionally, as 
mentioned before, since the evanescent tail of the WGMs 
interacts with the surrounding medium, WGML can 
naturally serve as an intracavity sensor while in DFB 
QCLs and ICLs the circulating optical power is isolated 
from the environment. The need for optical pumping and 
low level of output power are the main disadvantages of 
WGMLs compared to other mid-IR laser technologies. 
However the optical pump for a mid-IR WGML is 
usually a narrow linewidth near-IR semiconductor laser 
that is relatively low cost and readily available due to its 
extensive application in optical communication.  
Nearly all near-IR WGMLs demonstrated before used 
expensive tunable pump lasers and precisely controlled 
coupling gaps to optimize the laser [1,18,31]. As such, in 
spite of small size of the microsphere, the laser became a 
large desktop system. The mid-IR WGML demonstrated 
here can be turned into a compact system. The 
microsphere and fiber-taper can be placed in a in a small 
(2×0.5×0.2 cm) hermetically sealed package (operation in 
contact mode makes the device immune to small 
mechanical vibrations.). Simply by connecting this small 
fiber-coupled device to a compact fixed wavelength DFB 
pump laser, µW level narrow linewidth mid-IR power 
can be generated in a handheld system. A Bragg grating 
can be written on the output fiber to eliminate the 
residual pump power. In principle even 10 µW is enough 
for many sensing applications. Note that mid-IR LEDs 
cannot generate more than 100 µW within the 2.5-3 µm 
wavelength range and narrow linewidth mid-IR 
semiconductor lasers are about 10 times more expensive 
than the estimated cost for proposed system. As shown 
previously the spherical microlasers can be coupled to 
on-chip waveguides [32]. So using ridge waveguide 
fabricated based on mid-IR transparent material (such 
as silicon) may be integrated with Er:ZBLAN mid-IR 
microlaser to improve its performance and in the 
meantime reduce the size of the device. 
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SUPPLEMENTARY INFORMATION:  
SPECTRAL AND MODAL PROPERTIES OF A MID-IR SPHERICAL MICROLASR 
 
 
 
 
A. Whispering gallery modes (WGMs) of a 
spherical microcavity 
Spatial electromagnetic field profile of whispering 
gallery modes (WGMs) of a microspherical cavity are 
found by solving Helmholtz equation in spherical 
coordinates given by [1S]:   
 𝛹!,!,! 𝑟, 𝜃,𝜑 = 𝑁!𝜓!(𝑟)𝜓!(𝜃)𝜓!(𝜑)           (S1)  
                                   
where (𝑛, 𝑙,𝑚) are the mode numbers for radial, 
angular and azimuthal field profiles (𝜓! ,𝜓! ,𝜓!) 
respectively and have the form: 
 𝜓! 𝑟 =                        𝑗! 𝑘𝑛!𝑟                    𝑓𝑜𝑟 𝑟 < 𝑅! 𝑗! 𝑘𝑛!𝑅! 𝑒𝑥𝑝 −𝛼! 𝑟 − 𝑅!      𝑓𝑜𝑟 (𝑟 ≥ 𝑅!)       
(S2) 
  𝜓! 𝜃 = 𝑒𝑥𝑝 [−!"!! ]𝐻!!!( 𝑚𝜃 )              (S3) 
  𝜓! 𝜑 = 𝑒𝑥𝑝 [±𝑖𝑚𝜑]                  (S4)                                                  
  𝑁! is the normalization factor (for  𝛹!,!,! ! over all 
space) and is given by: 
 𝑁! = 𝜋𝑚   2!!!!! 𝑙 −𝑚 !𝑅!![ 1 + 1𝛼!𝑅! 𝑗!! 𝑘𝑛!𝑅!− 𝑗!!! 𝑘𝑛!𝑅! 𝑗!!! 𝑘𝑛!𝑅! ] !!/! 
(S5) 
 
where   𝛽! = 𝑙(𝑙 + 1)/𝑅!       and        𝛼! = 𝛽!! − 𝑘!       
                                     
for a microsphere with refractive index of ns and 
radius of Rs in the vacuum. 𝑗! and 𝐻!!! are the 
spherical Bessel function of order 𝑙 and Hankel 
function of order 𝑙 −𝑚  respectively. 𝑘 = 2𝜋/𝜆 is the 
propagation constant in vacuum.  
 
 
 
 
 
 
 
B. WGM mode numbers around the pump and 
laser wavelengths 
Angular, azimuthal and radial WGM mode numbers (𝑙,𝑚,𝑛) are found by solving characteristic equation 
[1S]:  
 𝜂!𝛼! + 𝑙/𝑅! 𝑗! 𝑘𝑛!𝑅! = 𝑘𝑛!𝑗!!!(𝑘𝑛!𝑅!)         (S6)                                   
 𝜂! = 𝑇𝐸 𝑚𝑜𝑑𝑒𝑠:  1𝑇𝑀 𝑚𝑜𝑑𝑒𝑠:  𝑛!!                   (S7) 
 
WGM mode numbers (𝑛, 𝑙,𝑚) of an Er:ZBLAN 
microspherical laser around the pump (980nm) and 
laser (2713nm) wavelengths are found by solving the 
solving the characteristic equation (Eq. 5). Fig. S1 
shows the left hand side (LHS) and right hand side 
(RHS) of Eq. S6 plotted against angular mode number 𝑙.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S1: WGM TE mode numbers of Er:ZBLAN microlaser around 
pump (980nm) and laser (2714nm) wavelengths for a perfect sphere 
(Rs = 28 mm).  
 
Laser	(2713nm)	
Pump	(980	nm)	
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C. External quality factors 
The coupling amplitude (𝜅!") of microsphere/fiber-
taper is calculated from overlap integral of fiber-taper 
fundamental mode field (𝛷!"!") and microsphere mode 
field (𝛹!,!,!) and considering the phase mismatching 
term (∆𝛽 = 𝛽! −𝑚/𝑅!): 
 𝜅!"!,!,! 𝑅! ,𝑅!,𝑔,𝑛! ,𝑛! =  𝑘! 2𝜋𝑅!/γ!2𝛽! 𝑒𝑥𝑝(−𝑅! ∆𝛽!2𝛾! ) (𝑛!! − 1)𝛷!"!"𝛹!,!,! 𝑑𝑥𝑑𝑦  
(S8) 
 
where the fiber taper LP01 mode field (𝛷!"!") is given 
by [1S]: 
 𝛷!"!" 𝑟 = 𝛼!𝐽! 𝑘!𝑅!𝑉! 𝜋𝐽! 𝑘!𝑅! 𝐽!!! 𝑘!𝑅! 𝐽! 𝑘!𝑟       𝑓𝑜𝑟 𝑟 ≤ 𝑅! 𝑒𝑥𝑝 −𝛾! 𝑟 − 𝑅!       𝑓𝑜𝑟 (𝑟 > 𝑅!)   
                         (S9) 
for a fiber-taper refractive index of 𝑛! and radius of  𝑅! surrounded by air. Ja is the regular first kind 
Bessel function of order “a”. In Eq. S8 and S9, 𝛽! is 
found by solving fiber-taper characteristic equation 
[1S]: 
 𝑘! 𝐽! 𝑅!𝑘!𝐽! 𝑅!𝑘! = 𝛼! 𝐾! 𝑅!α!𝐾! 𝑅!𝛼!  
           (S10) 
 
for     𝑘! = 𝑘!𝑛!! − 𝛽!!            𝛼! = 𝛽!! − 𝑘!    𝛾! = 𝛼! 𝐾! 𝑅!𝛼!𝐾! 𝑅!𝛼!                     𝑉! = 𝑘𝑅! 𝑛!! − 1 
       
where Ka is the second kind Bessel function of order 
“a”. Finally external quality factor of the cavity is 
related to coupling amplitude  (𝜅!"!,!,!) through:  𝑄!"#!,!,! 𝑅! ,𝑅!,𝑔,𝑛! ,𝑛! = 𝑚𝜋/𝜅!                  (S11)                                        
 
 
D. Pump and laser modes overlap 
For microspherical lasers, pump and laser WGMs take 
different spatial distribution in the microcavity. 
Significantly when the pump and laser wavelengths 
are distant (i.e mid-IR microspherical lasers). Fig. S2 
shows the radial and angular (perpendicular to sphere 
equator) mode distributions of an Er:ZBLAN 
microspherical laser.  
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
Fig S2: Spatial modes distribution of an Er:ZBLAN microlaser (Rs 
= 28 mm) for pump WGM(p-q,p,r) and laser WGM (l-m,l,n). (a) 
Radial modes distribution inside microsphere. (b) Angular modes 
distribution. 
 
To know the quality of the intermodal pumping, the 
overlap of pump WGMs (𝑙,𝑚,𝑛), and laser WGMs (𝑝, 𝑞, 𝑟) need to be calculated. The Overlap efficiency 
between pump and laser modes (𝛤!,!,!!,!,!) is calculated 
by: 
 𝛤!,!,!!,!,! 𝑅!,𝑛! = 𝛹!,!,! !. 𝛹!,!,! ! 𝑑𝑉 !! 𝛹!,!,! !𝑑𝑉 !!   
                                   (S12) 
where 𝑉! is the volume of microsphere. 
 
 
E. Dominant lasing mode 
For homogenously broadened gain medium, the first 
lasing mode (the lowest threshold pump power), most 
likely wins the mode competition by depleting the 
gain for other modes. To find the dominant mode, 
threshold pump power (𝑃!!) of laser modes (𝑙,𝑚,𝑛) 
pumped by pump modes (𝑝, 𝑞, 𝑟) can be calculated 
by[2S]: 𝐴𝑃!! ≈ 𝛾!!ℒ = −𝑙𝑛 (𝑆)               (S13) 
 
where 𝐴 is a constant related to pump efficiency (i.e. 
gain medium properties). 𝛾!! is the threshold 
(a) 
(b) 
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gain, ℒ = 𝜋𝐷 is the circumference of sphere, 𝑆 is 
survival factor and given by: 
 𝑆 = 1 − 1𝑄!"!,! = 1 − ( 1𝑄!"#,! + 1𝑄!,!) 
(S14) 𝑄!,!and 𝑄!"#,! are the intrinsic quality factor and 
external quality factor of the microcavity at laser 
wavelength respectively. 
As such the threshold pump power for a 
microspherical laser WGMl,m,n is found by: 
 𝑃!!!,!,! ≈ − 𝑙𝑛 1 − (𝑄!,!!,!,!)!!𝐴  
(S15) 
For a microspherical laser that the pump is resonantly 
build up in the cavity, the pumping efficiency 
constant 𝐴, (see eq 13) is proportional to: 
 𝐴 ∝ 𝑄!"!,!!𝑄!"#,!!,!,! 𝛤!,!,!!,!,! 
(S16) 
where !!"!,!!!!"#,!  is the circulating power enhancement 
factor for 𝑄!"!,! = ( !!!"#,! + !!!,!)!!. 𝑄!,! is the small signal 
absorption limited quality factor of microcavity at 
pump wavelength and is calculated by: 
 𝑄!,! = 2𝜋𝑛!""𝜆𝛼!"# ≈ 𝑞𝑅!𝑁!"𝜎!"# 
                                                      (S17) 
for WGM effective refractive index “𝑛!""”, active ion 
absorption coefficient at pump wavelength “𝛼!"#”, 
azimuthal mode number “q”, absorption cross section 
“𝜎!"#” and active ions concentration “NEr”. 
Combining eq. 15 and 16 yield to: 
 P!"!,!,! ∝   − ln 1 − Q!,!!,!,! !! × Q!"#,!!,!,!Q!"!,!! × Γ!,!,!!,!,!!,!,!  
(S18)                                                             
for summation over all feeding pump modes (p, q, r). 
Considering that the maximum circulation power 
enhancement factor occurs for critically coupled pump 
modes (Q!"#,!!,!,! ≈ Q!,! ), eq. 18 can be approximately 
simplified to:  
 P!"!,!,! ∝ − ln 1 − (Q!,!!,!,!)!!Q!,! ×  Γ!,!,!!,!,!!,!,!  
(S19) 
for summation over critically coupled pump modes. 
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